Single, isolated rat ventricular myocytes were made hypoxic for 10 minutes and then reoxygenated. During hypoxia, there was a marked abbreviation of the mechanical twitch, without a decrease in its amplitude. Immediately after reoxygenation, both the time to peak shortening and the duration of relaxation were markedly prolonged, and they remained prolonged for 10-50 minutes. The alterations in contraction and relaxation were not associated with any change in the time course of either the transmembrane action potential or the cytosolic calcium transient, as recorded with the fluorescent probe indo 1. Intracellular pH, measured with a fluorescent probe (carboxyseminaphthorhodofluor), showed an acid shift during hypoxia and an alkaline rebound immediately after reoxygenation. The time courses of intracellular pH and contraction duration were not parallel during hypoxia or reoxygenation, and simulation of the alkaline pH shift by lowering Pco2 or superfusing NH4Cl (in the absence of exposure to hypoxia) did not quantitatively reproduce the prolongation of relaxation seen after reoxygenation. The prolongation of contraction after reoxygenation could be overridden by the jB-adrenergic agonist isoproterenol or the nonenzymatic phosphatase butanedione monoxime. We conclude that delayed relaxation after reoxygenation exists at the single cell level and is due to an alteration of the properties of the myofilaments. Intracellular pH is not the primary mediator of this alteration. We speculate that alteration of intracellular inorganic phosphate or covalent modification of the myofilaments might be involved. (Circulation Research 1991; 69:196-208) Striking changes in the time course of myocardial contraction have been documented during and after brief periods of ischemia or hypoxia. It has long been recognized that myocardial relaxation may be impaired during the period after ischemia or hypoxia in both the intact animal and in isolated muscle preparations.1-3 The cellular mechanism underlying the impairment of relaxation has not been fully defined. Among the hypotheses proposed are cellular heterogeneity resulting in altered action potential propagation as well as mechanisms intrinsic to the cell, such as altered sarcoplasmic reticulum calcium uptake or prolongation of the cellular action potential. It has previously been impossible to study the mechanism of posthypoxic impaired relaxation at the single cell level. However, recent technical advances have allowed the study of myocyte shortening in conjunction with measurements of intracellular calcium and cellular electrophysiology in electrically stimulated myocytes during and after exposure to profound hypoxia. 4 In this study we demonstrate changes in the timing of contraction and relaxation in single isolated adult rat cardiac myocytes that are exposed to brief periods of hypoxia (10 minutes) and then reoxygenated. These mechanical changes are not associated with changes in intracellular calcium determined with the fluorescent probe indo 1 or with the alteration of the action potential. Impaired posthypoxic myocyte relaxation is demonstrated to result from altered myofilament properties and not from changes in the intracellular calcium transient or prolongation of the cellular action potential. The role of intracellular pH, a factor that may affect myofilament relaxation kinetics, is examined.
Materials and Methods Cardiac Myocyte Isolation
Single cardiac myocytes were isolated from the ventricle of 2-3-month-old rats according to a modification of a technique previously described.5 Briefly, the heart was retrogradely perfused with a low-Ca2 , collagenase-containing bicarbonate buffer (36°C, pH 7.2), and the perfusion was terminated when the tissue became soft (20-30 minutes) . The left ventricle was then mechanically dissociated, and the myocytes were resuspended in a series of bicarbonatebased buffers with gradually increasing calcium concentrations. Cells were finally suspended in either a HEPES-based buffer or a bicarbonate-based buffer with 1.0 mM extracellular calcium concentration. Cells were stored at 37°C and in the presence of 5% CO2 if a bicarbonate buffer was used. These buffers contained glucose as a metabolic substrate.
Exposure to Hypoxia
Single myocytes were studied in a specially developed chamber, the laminar counterflow barrier well, an open device that is mounted on the stage of an inverted microscope. 4 The conical well is constructed of stainless steel. Ultrahigh-purity argon (99.9995%, Matheson Gas Products, Secaucus, N.J.) enters the well from a toroidal manifold through a circumferential slit lying just above a glass dish containing the cells. The gas flow rate is precisely controlled to yield a stable laminar flowing layer of argon preventing the back diffusion of atmospheric oxygen. The oxygen pressure, measured with a precision gold polarographic electrode (Orbisphere, Geneva), was <0.02 mm Hg.
A custom-made optical-quality quartz dish 1 cm in diameter and 2 mm deep (Mindrum Precision Products, Cucamonga, Calif.) forms the bottom of the well. In this dish, myocytes were superfused by glucose-free buffers. Unless otherwise indicated, myocytes were superfused with HEPES-based buffer, which consisted of (mM) NaCl 144, KCl 5, MgSO4 1.2, and HEPES 10, pH 7.4, at 23°C and contained 1 mM Ca21 with 0.5 mM octanoate as respiratory substrate. The buffer was equilibrated with either 20% 02-80% argon (normoxia) or pure argon (hypoxia). In experiments conducted in a bicarbonatebased buffer, which consisted of (mM) NaCl 120, KCI 5, NaHCO3 26, NaH2PO4 1, CaCl 1, and octanoate 0.5, the buffer was equilibrated with 5% C02-20% 02-75% argon or 5% C02-95% argon, which was prepared as a high-purity, oxygen-free custom gas mixture (Matheson Gas Products). Buffers were delivered through stainless-steel needle tubing, and contact with plastics, valves, or pumps was avoided. Driving pressure for the liquid flow was obtained from the gas pressure in the buffer flask, which was regulated by means of a precision needle valve on the flask outflow. Outflow from the dish was through platinum needle tubing, which also served as the anode for field stimulation, so that oxygen produced electrolytically was removed with the effluent.
Measurement of Cell Contraction and Fluorescence
The optical system used for the simultaneous measurement of dye fluorescence, cell length, and membrane potential was a modified Zeiss IM-35 fluorescence microscope (Carl Zeiss, Inc., Thornwood, N.Y.) and has been described previously.6 A single myocyte was field stimulated at 0.2 Hz with 4-msec square wave pulses delivered by a stimulator (model SD9, Grass Instrument Co., Quincy, Mass.). where pk' is the apparent pk of the indicator, r is the ratio of the 590-640 nm fluorescence , rmin is the fluorescence ratio of the deprotonated form of the indicator, and rma is the fluorescence ratio of the protonated form of the indicator. This equation was used to calibrate intracellular pH measurements (the parameters rmin and rm<,, are instrument dependent).
Measurement of Cellular Action Potential
Glass microelectrodes with a tip resistance of 5-10 Mfl were filled with 120 mM KCl, 10 mM NaCI, 5 mM MgC12, 5 mM HEPES, and 5 pM EGTA, pH 7.2, with KOH. These pipettes were used in the "whole-cell" recording mode to measure membrane potential. A high-impedance amplifier (Axopatch la patch clamp, Axon Instruments, Burlington, Calif.) was used.
Statistical Analysis
Data are presented as mean+SEM. Comparisons were made between parameters under control and experimental conditions by Student's t test or by analysis of variance for repeated measures. Differences are considered significant atp<0.05.
Results
Cells that are electrically field-stimulated and exposed to hypoxia demonstrate a consistent and reproducible sequence of changes in contraction.4 Initially, twitch amplitude is not changed or is more frequently increased slightly within 2-5 minutes of exposure to hypoxia. Twitch amplitude is then maintained for a prolonged, variable time interval that is believed to coincide with the time required for the cell to consume its glycogen stores anaerobically,8 after which there is an abrupt onset of contractile failure. Twitch amplitude falls rapidly, proceeding to complete failure of contraction within 2 minutes. If hypoxia is continued, cells remain at rest length and electrically inexcitable for another 3-5 minutes, whereupon they undergo contracture over 30 seconds to "square" rigor forms. Figure 1 demonstrates the typical changes in contraction in a single cell during continued exposure to hypoxia. In six cells exposed to hypoxia, contractility was maintained for a lag period of 30+5 minutes. Twitch amplitude remained at 104+8% of control at the point just before the onset of contractile failure.
The present study focuses on changes in cell contraction and relaxation that occur in the first 10 minutes of hypoxia, before the onset of contractile failure. Changes in cell contraction and relaxation occurring at reoxygenation, after a brief exposure to hypoxia, are examined and correlated with simultaneously recorded intracellular calcium transients and cell action potentials. tude were increased early in hypoxia. The peak of contraction occurred earlier, and relaxation was affected. The time from peak contraction to 50% relaxation (RT50) was reduced without a significant change in the time to 90% relaxation (RT90). Diastolic cell length was unchanged during exposure to hypoxia. Despite the marked changes occurring in both the magnitude and timing of the twitch, the calcium transient was relatively unaffected by hypoxia. Specifically, there were no significant changes in the amplitude or timing of the indo 1 fluorescence transient or in the diastolic indo 1 fluorescence ratio. RT50 of the indo 1 transient was not altered during hypoxia.
Effects of Early Reoxygenation on Contraction and Intracellular [Ca2+] Marked changes in the timing of cell contraction and relaxation occurred in cells that were reoxygenated after a 10-minute exposure to hypoxia. This duration of hypoxia was examined because there was no evidence of failure of contraction in this time window. demonstrates the prompt development of prolonged contraction and relaxation that consistently occurred within 1 minute of reoxygenation. The intracellular calcium transient was examined in five of the previous 10 indo 1-loaded cells that were exposed to hypoxia and then reoxygenated at 10 minutes (the remaining cells were reoxygenated after more prolonged periods of hypoxia and are not included). The mean data for the contraction and fluorescence transient in these cells are displayed in transient increase, and the other three cells demonstrated a reduction in peak shortening. All five cells demonstrated a significant transient reduction in diastolic cell length. These marked changes in contraction were again unaccompanied by significant changes in the calcium transient. Figure 4A displays the contraction and fluorescence transient for a typical cell before hypoxia, during the first minutes of hypoxia, and 1 minute after reoxygenation. In Figure  4B , the same contractions and fluorescence transients are normalized to their peaks, demonstrating more clearly the change in the timing of contraction during and after hypoxia. Three additional cells were exposed at 37°C (as opposed to 23°C) to 10 minutes of hypoxia and demonstrated similar abnormalities of relaxation at reoxygenation.
Effects of Hypoxia and Reoxygenation on the Action Potential
The cellular action potential and contraction were monitored simultaneously in four cells exposed to 10 minutes of hypoxia (a period too short to cause contractile failure) and reoxygenated. Contraction and action potential were measured simultaneously, and twitch amplitude, RT50, RT90, resting potential, peak action potential, and action potential duration at 50% and 90% repolarization were computed at 2 minutes of hypoxia and 5 minutes of reoxygenation (Table 3) . Neither brief hypoxia nor reoxygenation caused significant changes in the action potential, despite which the mechanical changes (particularly prolonged relaxation after reoxygenation) were similar to those described above. Figure 5 shows a representative example of action potential and contraction in one cell during control, hypoxic, and reoxygenation periods.
Dependence of Relaxation on Twitch Amplitude
To exclude the possibility that the observed changes in the time course of relaxation during hypoxia and reoxygenation are mechanical conse- quences of changes in twitch amplitude, RT50 and RT90 during hypoxia and reoxygenation were compared with those for a series of normoxic contractions of varying amplitudes in the same cell, produced by stimulating the cell from rest, which produces a "descending staircase" in the rat. The relaxation time is plotted in Figure 6 The change in cell contraction and relaxation, during hypoxia and after reoxygenation in the absence of a significant change in the calcium transient, implies a change in the relation between calcium and cell length on the time frame of a single contraction. In Figure 9 , data for individual contractions in a single cell loaded with indo 1 are displayed as "phase plane loops." The loops are derived by plotting the cell length against the simultaneously measured indo 1 fluorescence ratio obtained during the course of a single contraction. The loops for several of the contractions during a normoxic staircase are plotted in the same panel. The calcium-length relation for each beat is superimposable during the terminal phase of relaxation of each beat. Additionally, all these loops possess a similar "lamb chop" shape. Superimposed on this plot are two more loops for individual contractions from the same cell, one during hypoxia and the other at 1 minute after reoxygenation. During hypoxia the shape of the loop changes and appears "pinched," suggesting that the relation between calcium and cell length is altered during the relaxation phase and that, unlike control, there is very little fall in intracellular [Ca2"] before cell relengthening.
There is an even more marked change in the loop derived from the contraction after reoxygenation. This loop appears almost square in shape, suggesting that cell relaxation only occurs after intracellular [Ca2"] has fallen to nearly diastolic levels.
Relation of Posthypoxic Delayed Relaxation to Changes in Intracellular pH
Intracellular pH is known to modulate myofilament kinetics and calcium sensitivity. Therefore, we studied the changes in intracellular pH during brief hypoxia and reoxygenation and attempted to determine whether these changes might be sufficient to account for the relaxation abnormality.
In preliminary studies using SNARF 1 we have found a considerable scatter of intracellular pH in cells suspended in HEPES buffer at room temperature, as well as a more alkaline average pH of such cells compared with those that remained in bicarbonate buffer.9 Therefore, we repeated hypoxia experiments using the same protocol described previously except that a bicarbonate buffer was substituted for HEPES. Cells were superfused with buffer equilibrated with gases containing either 20% 02 and 5% CO2 or high-purity argon and 5% CO2. Seven indo 1-loaded cells were exposed to 10 minutes of hypoxia and then reoxygenated. Again a marked prolongation in the time to peak contraction occurred (mean increase of 42.9+±5.6% relative to control) at reoxygenation. RT50 observed in all cells. There were no significant changes in the kinetics or amplitude of the calcium transient in these cells. The qualitative features of brief hypoxia and reoxygenation are therefore the same in bicarbonate buffer as in HEPES. The smaller magnitude of relaxation changes during hypoxia and reoxygenation in bicarbonate buffer compared with HEPES buffer may be due to the greater intracellular buffering power afforded by the CO2JHCO3-buffer system, which would suggest that changes in intracellular pH play a role in the relaxation changes. Alternatively, the difference might be due to the more alkaline resting intracellular pH of the cells in HEPES.
Intracellular pH was measured in single cells exposed to brief hypoxia and reoxygenation in a bicarbonate-based buffer system. Figure 10 demonstrates the changes in pH from a typical cell. A rapid but relatively minor intracellular acidosis occurred during hypoxia, which relaxed toward control pH to a variable degree as hypoxia was continued for 10 minutes. This was followed by a transient and more marked rebound alkalosis at reoxygenation. In cells in which measurement was continued for a longer period after reoxygenation, there was often a secondary return to acid pH after the alkaline phase. These shifts were qualitatively similar in all five cells studied. The mean pH of the cells was 7.28+0.04 before hypoxia and shifted to 7.20±0.04 early during hypoxia. The pH at reoxygenation peaked at 7.41+0.02.
To determine whether the alkaline rebound at the time of reoxygenation could explain the delayed relaxation, we simulated an abrupt alkaline shift (in the absence of hypoxia/reoxygenation) in two ways.
In four cells studied in a bicarbonate-based buffer, intracellular pH was manipulated by changing the CO2 concentration in the gas with which the buffer was equilibrated. CO2 concentration was changed from 5% to 2.5%, a change that induced a buffer pH shift of 0. It appeared that, although the contraction and relaxation changes induced by an alkalotic step were much less than those produced by reoxygenation, the intracellular pH change produced in our simulation was also less. Therefore, we produced a larger pH change by superfusing the cells abruptly with 20 mM ammonium chloride. This gave ApH=+0.17±0.01 pH units (on entry to NH4C1 solution) in five cells, whereas time to peak contraction increased from 263±13 to 338±10 msec (average percent change, +29+3.4%) and RT50 from 93±2 to 126±8 msec (average percent change, +34.1±6.6%) in five companion cells. This showed that, whereas an abrupt alkalotic shift can produce delays of contraction and relaxation qualitatively similar to those induced by reoxygenation, the changes produced by reoxygen-D FIGURE 11. Recording of intracellular pH and contraction duration (stimulus to 50% relaxation [CD5O]) from the same cell before hypoxia, during hypoxia, and at reoxygenation. The cell was exposed to hypoxia for 10 minutes, and cell length and carboxyseminaphthorhodofluorfluorescence were measured throughout the experiment by altemately monitoring each parameter for several beats. Each data point represents a single beat. After reoxygenation, pH shifts in an acid direction rapidly after the alkalotic overshoot; however, CD5O very slowly returns toward control values. 50 ation are quantitatively larger, for the same magnitude of pH shift.
To clarify further the relation between pH and relaxation during actual hypoxia/reoxygenation, we made four cells hypoxic for 10 minutes while measuring contraction and intracellular pH "simultaneously." Because dichroic mirrors permitting simultaneous SNARF 1 measurements and length tracking have not yet been installed on the apparatus, we alternated from beat to beat measuring length and pH. The location of the instant of peak contraction is rather noisy on unaveraged single-beat recordings; therefore, the effect of pH change on relaxation was analyzed in terms of the time from stimulus to 50% relaxation, which is much less noisy than either time to peak contraction or RT50 (measured from peak contraction) separately. Figure 11 shows the time course of pH changes and relaxation changes for a typical cell. Each point represents a single beat. Note that the available time points are different for the two panels, since either pH or cell length was measured during any one beat. The points have been connected by straight lines for visual appeal, with no effort to extrapolate the time LUB.
-LUW eze 0 m~c ourse of the variables in the gaps between measurements. Nevertheless, it is clear that the time course of pH changes and relaxation changes is quite different, both during hypoxia and after reoxygenation. In particular, the (partial or complete) restitution of pH during the 10-minute hypoxic period is associated with only a slight restitution of the markedly shortened twitch duration. Even more strikingly, the alkaline overshoot at reoxygenation is followed within 10 minutes by recovery or, often, as is the case in this cell, by a secondary acidosis; despite this acid shift, relaxation remains delayed, recovering only slowly toward control. This pattern was seen in every cell. It is clear from these results that the instantaneous value of intracellular pH is not the major determinant of delayed relaxation after reoxygenation. Pharmacological Manipulation of Relaxation in the Reoxygenated Cell
The slowing of contraction and relaxation that occurred after reoxygenation gradually corrected spontaneously without a change in the time course of the intracellular calcium transient. To investigate whether cellular relaxation could be rapidly corrected within seconds, we administered two different agents in a separate series of cells demonstrating posthypoxic relaxation impairment. Isoproterenol, a fl-adrenergic agent known to enhance sarcoplasmic reticulum calcium uptake and exert a direct effect on myofilament relaxation kinetics, was administered at roughly 1 minute after reoxygenation in three different cells. Both contraction and relaxation were markedly accelerated within 30 seconds of isoproterenol exposure. These changes in mechanics were accompanied by similar changes in the calcium transient kinetics, namely a shortening of the time to peak calcium and an acceleration of the calcium relaxation phase. These changes in a typical cell are demonstrated in Figure 12 . These results indicate that the (multiple) effects of the ,B-adrenergic system to enhance relaxation are capable of overriding the reoxygenation effect.
Another three cells were rapidly exposed to 2,3-butanedione monoxime (BDM) at 1 minute after reoxygenation when they demonstrated marked re- laxation impairment. This agent is a nonenzymatic phosphatase that is known to depress myofilament calcium sensitivity.10 BDM rapidly accelerated both contraction and relaxation without a change in the timing of the calcium transient. Figure 13 demonstrates the results in one cell. BDM, in a concentration that did not suppress contraction, caused nearly complete reversal of the postreoxygenation prolongation of contraction.
Discussion
We have demonstrated that both contraction and relaxation are impaired in isolated cardiac myocytes that are reoxygenated after a brief period of profound hypoxia. This confirms that impaired myocardial relaxation has an intrinsic cellular component and is not merely the result of cellular heterogeneity or altered action potential propagation. Specifically, time to peak contraction, RT50, and RT90 are increased in the single cell. These abnormalities appear promptly within the first minute after reintroduction of oxygen and gradually resolve with a variable time course. The diastolic cell length was also consistently decreased in all cells studied at reoxygenation. This could be the result of a small increase in diastolic calcium or might reflect enhanced myofilament calcium sensitivity. In these studies, diastolic cell length decreased in the first minute of reoxygenation and gradually returned toward the control value. The reduction in cell length was not associated with an increase in the diastolic indo 1 fluorescence ratio, our measure of free intracellular calcium, nor was the gradual cell relengthening associated with a gradual fall in the fluorescence ratio. This suggests that myofilament calcium sensitivity is enhanced transiently at reoxygenation after brief periods of hypoxia, although we cannot rigorously exclude the possibility that a rise in cytosolic (diastolic) free calcium was obscured by a simultaneous fall in free calcium in the mitochondria, which also contain indo 1.6 In preliminary experiments (data not shown), we have not observed a rise in cytosolic calcium in cells in which indo 1-free acid is loaded directly into the cytosol. The timing of the calcium transient was compared with the described changes in the timing of cell contraction and relaxation. There was no delay in the time to peak fluorescence ratio, nor was there a slowing of the fall in fluorescence ratio toward diastolic levels seen with each contraction. This suggests that sarcoplasmic reticulum calcium uptake is not disturbed by brief hypoxia and reoxygenation in this model. The data point to a change in myofilament relaxation kinetics as well as a transient enhancement of myofilament calcium sensitivity. These observations are consistent with the data of Hajjar and Gwathmey,1' who recently demonstrated that reoxygenation after a brief period of hypoxia was associated with an increase in maximal Ca2'-activated force in ryanodine-tetanized papillary muscles.
The cellular action potential was examined and was found to be essentially unaltered by brief hypoxia and reoxygenation despite the same marked changes in cell contraction and relaxation that paralleled those seen in field-stimulated cells.
The slowing of contraction and relaxation in the posthypoxic state was not a fixed irreversible defect but, rather, gradually resolved over a period of up to 50 minutes. Additionally, relaxation could be improved rapidly by either enhancing sarcoplasmic reticulum calcium uptake kinetics with isoproterenol or by using BDM, which did not change the timing of the calcium transient but did partially correct the impaired cellular relaxation that was seen after reoxygenation. In addition, BDM partially restored the single beat calcium-length relation toward its control configuration (data not shown). This compound, 'BDM 500 msec which is known to decrease myofilament calcium sensitivity,10 appears also to affect myofilament relaxation kinetics.
Impaired posthypoxic relaxation was documented nearly 2 decades ago. 23 Bing et a12 demonstrated that regional tension prolongation occurred following reperfusion after a 3-minute coronary artery occlusion in the dog. A marked prolongation of tension was also observed in papillary muscles exposed to 20 minutes of hypoxia and reoxygenated. Both the time to peak tension and RT50 were prolonged. Our studies demonstrate similar abnormalities in single myocytes that are exposed to episodes of hypoxia that are so brief they do not cause failure of cell contraction. Tyberg et all studied isolated cat papillary muscles that were exposed to hypoxia for 60 minutes and then reoxygenated. They found evidence of marked impairment of relaxation in muscles studied under isometric conditions as well as in muscles studied under isotonic conditions. These early studies speculated that these abnormalities may be due to either action potential prolongation or impaired sarcoplasmic reticulum calcium uptake. The action potential was investigated in studies conducted in isolated rat and guinea pig ventricular trabeculae.12 When exposed to hypoxia (Po2< 10 mm Hg), isometric muscle preparations exhibited an early decline in contractile force associated with an abbreviation of contraction. This was accompanied by a shortening of the action potential plateau duration when these studies were conducted in low glucose buffers. How-ever, in the presence of 50 mM glucose, contraction was abbreviated during hypoxia without an early change in action potential duration. At reoxygenation after a 15-minute period of hypoxia, contraction amplitude gradually increased, but the rates of contraction and relaxation were immediately and markedly slowed. This was not accompanied by any lengthening of action potential duration but, rather, was associated with a gradual return to control action potential duration.
More recently, investigators13 have studied the intracellular calcium transient in the surface cells of isolated papillary muscles using the photoprotein aequorin. In one study, isometric contraction was studied in ferret papillary muscles exposed to hypoxia and reoxygenation. The 15 Our study, as well as studies performed in bulk preparations, directs the search for the mechanism of impaired posthypoxic relaxation to factors that may affect myofilament calcium sensitivity and myofilament relaxation kinetics. Investigators'617 have demonstrated that intracellular alkalosis increases twitch tension and sensitizes the myofilaments to calcium, whereas acidosis has the opposite effect. Allen and Orchard'8 demonstrated a transient slowing of isometric relaxation in rat papillary muscles studied in a bicarbonate buffer that was made alkaline by changing the CO2 concentration of the buffer from 5% to 2%. These changes were not accompanied by a concomitant slowing of the relaxation phase of the calcium transient (measured with aequorin).
We reasoned that the observed changes in the time course of contraction and relaxation at reoxygenation could have resulted from a shift in intracellular pH in the alkaline direction, after an anticipated acidosis during hypoxia. Measurement of intracellular pH, using the fluorescent probe SNARF 1, confirmed the development of a mild intracellular acidosis during the exposure to hypoxia and demonstrated a transient rebound alkalosis at reoxygenation. Others'9 have seen a similar acidosis in isolated myocytes exposed to metabolic inhibitors. However, when we simulated these pH changes, in the absence of hypoxia, this did not quantitatively reproduce the large changes in contraction and relaxation timing seen during hypoxia and reoxygenation. Since the simulated pH changes did not reproduce the detailed time course of intracellular pH changes seen during hypoxia and reoxygenation, it is possible that the posthypoxic change in myofilament kinetics is mediated by intracellular pH, but in a manner that is very sensitive to the rate of change or to the history of the pH. This would not, however, explain the marked differences in the time course, and particularly the rate of recovery, between intracellular pH and contraction duration in the posthypoxic cell. Therefore, the hypothesis most consistent with our observations is that the major effects of hypoxia and reoxygenation are not mediated by intracellular pH, although they may be modulated by pH changes (or, at least, by the resting value of intracellular pH), explaining their smaller magnitude in cells studied in bicarbonate buffer.
Our data, although excluding action potential changes, calcium changes, and pH changes as the cause of the striking alteration of relaxation during and after hypoxia, do not determine the cause, and we can only speculate about factors that we could not measure. The slowing of contraction and relaxation seen at reoxygenation might be due to the effects of rapidly falling inorganic phosphate. Inorganic phosphate influences myofilament contraction and relaxation in a complex and not fully defined manner. Cytosolic phosphate levels increase markedly in ischemic and hypoxic myocardium because of the breakdown of creatine phosphate.20 At reoxygenation there is usually a rapid fall in inorganic phosphate concentration as creatine phosphate is rapidly resynthesized. Phosphate depresses contraction force in isometric preparations21"22 and is thought to account for the early depression of force seen in ischemic myocardium.23 It does not depress the maximum velocity of shortening of isotonic preparations.22 Additionally, phosphate enhances myofilament crossbridge cycling rates24,25 and could increase both contraction and relaxation rates in isotonic preparations. Single, mechanically unloaded cardiac myocytes demonstrate properties that are similar to isotonic muscle preparations. The dissimilar effects of phosphate on contractility in isometric and isotonic preparations may explain the lack of an early depression of contractility during hypoxia in our model; a similar lack of early contractile failure has been observed in isotonic bulk preparations. ' The relatively long persistence of delayed relaxation after reoxygenation in our model, together with the fact that postreoxygenation relaxation can be accelerated by catecholamines or by the nonenzymatic phosphatase BDM, leads us to speculate that a covalent modification of the myofilaments, perhaps a phosphorylation, might be involved. A 5-minute exposure to hypoxia has been shown not to influence the phosphorylation of troponin I, C protein, or myosin P light chain in the rat heart, although there was a reduction in the isoproterenol-induced phosphorylation of troponin I and C protein after hypoxia in this same protocol. 26 Certainly the extent of phosphorylation of troponin I can produce major changes in myofilament properties.27 Additional studies will be required to pinpoint the site of action of reoxygenation on the myofilaments, as well as to understand the mechanisms regulating myofilament relaxation in general.
